The initial critical step of reduction of azo bond during the metabolism of azo dyes is catalysed by a group of NADH and FAD dependant enzyme called azoreductases. Although several azoreductases have been identified from microorganisms and partially characterized, very little is known about the structural basis of the substrate specificity and the nature of catalysis. Azoreductase enzyme of Pseudomonas putida has a wider broad spectrum of substrate specificity and capable of degrading a wide variety of azo dyes. In the present study, the crystal structure of the enzyme from PDB and 10 azo dyes from NCBI PubChem compound were retrieved and their interactions were studied. These azo dyes were then docked with the FMN-dependent NADH-azoreductase enzyme to analyze the binding affinity of the azo dyes with the enzyme and predict the catalytic sites. Consequently, the catalytic residues of FMNdependent and NADH dependent enzyme were then analysed in terms of properties including function, hydrogen bonding and flexibility. The results suggest that Ala-114, Phe-172 and Glu-174 play a predominant role as catalytic site residues in the enzyme. Furthermore, the approach emphasis on predicting the active sites of this enzyme where substrates can bind in order to give a better understanding of the biodegradation of some of the commercially important azodyes mediated by azoreductase. These results will pave way for further increase in azoreductase activity and for better understanding of the dye degradation pathway.
INTRODUCTION
Azo dyes are known to be widely used class of dyes that are highly toxic and contain carcinogenic compounds. Although lot of research has been carried out for their removal from industrial effluents, very little attention is given to changes in their toxicity and mutagenicity during the treatment processes (Bafana et al., 2008) . Azo dyes represents almost 70% of the textile dyestuffs produced and the effluents released into the water system disturbs *Corresponding author. E-mail: id-samratadhikari@rediffmail.com.,stedmundc.btisnet@nic.in. Tel: +91-9862041757.
Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution License 4.0 International License the ecological parameters of mostly water bodies (Knackmuss, 1996) . Due to enormous modernization the most problematic environment pollution in the wastewater are the effluents released from production of dyes and the dyeing industries. These residual dyes in industrial effluents are a threat to public health because of its high toxicity and carcinogenicity (Bisschops and Spanjers, 2003; Weisburger, 2002) . The uncontrolled release of these compounds in the environment causes severe problems by decreasing light absorption which significantly affect photosynthetic activity of aquatic life and may be toxic due to the presence of aromatics or heavy metals (Banat et al., 1996) . Release of such colored compounds in the environment is undesirable not only because of their aesthetic appearance, which may drastically affect photosynthesis in the aquatic ecosystems, but also becausemany of the dyes and/or their breakdown products are mutagenic to life (Chung and Cerniglia, 1992) . Unfortunately, azo dyes present in the wastewater are normally unaffected by conventional treatment processes. Their persistence is mainly due to the sulfo and azo groups, which do not occur naturally, making the azo dyes xenobiotic and recalcitrant to oxidative biodegradation (Kulla el al., 1983) . The persistence of azo dyes as reported could be further decolorized which consequently requires a putative agent for cleavage of azo bonds, after which the resulting aromatic amines can be biodegraded readily under aerobic conditions (Van der Zee and Villaverde, 2005) . The cleavage of azo bonds is catalyzed by azoreductase enzyme with the aid of an electron donor. Several bacteria capable of decolorizing azo dyes have been identified, and azoreductase enzyme has been isolated and characterized from some of them (Chen, 2006) .
In the recent years, bioremediation of azodyes polluted areas using bacteriaas a potent organism has gained momentum in context to dye effluents and consequently it seems to play a pivotal role in bioremediation activities. Azobenzene reductases, also known as Azoreductase (EC 1.7.1.6) are a family of NAD(P)H and Flavindependent enzymes that have been identified from a large number of bacterial species. These enzymes are able to reduce a wide range of substrates including azo dyes/drugs, quinones, metal ions and nitro compounds. They have been found in a number of species including Escherichia coli, Enterococcus faecalis and Pseudomonas putida etc. Although various azoreductases may be present in the same organism but the physiological roles of most of these enzymes is generally poorly understood. It has been found that many microorganisms including cyanobacteria can transform these azo dyes into colourless products. Generally, in bacterial system the degradation of azodyes is often initiated by an enzymatic step which involvesa cleavage of azo linkages with the aid of an azoreductase and an electron donor (Hong and Gu, 2010) . Several workers have reported on the azo dye degradation in bacterial Thakuria et al. 2163 system (Yeh et al., 2005; Asgher et al., 2007; Delee et al., 1998; Levine, 1991; Walker, 1970) . Similarly, azoreductase activities of cyanobacterial species which are known for their ubiquitous occurrence in nature, in response to various mono and diazo compounds have also been reported (Jadhav et al., 2008; Omar, 2008) . These azoreductases catalyze the reduction of the azo bond (-N=N-) in both azo pro drugs (for example, balsalazide) and azo dyes (for example, methyl red). They have been shown to reduce azo compounds via a ping pong mechanism (Chan-Ju et al., 2010) . In context to the present study, the azoreductase from the P. putida has been taken into consideration as a model organism to understand the interaction of several toxic dyes with the enzyme using bioinformatics tools which in turn might probably throw a limelight on the prediction of active sites which could be further exploited for development of effective bioremediation process.
METHODOLOGY

Data set
The FASTA sequence of FMN dependent NADH azoreductase of P. putida was retrieved from the PDB database with the PDB ID 4C0W having 203 amino acids (Bernstein et al., 1977 (Wang et al., 2009) .
Homology model building and evaluation
Homology modeling of the azoreductase enzyme was performed using the CPH model server 3.2 (Nielsen et al., 2010) and the structurewas further validated using Ramachandran Plot.The template generated was 4C0W which had highest similarity percentage and viewed usingUCSFChimera 1.10.1 viewer (Pettersen et al., 2004) .
Chemical properties
The various chemical properties of the commercially available and industrially important azo dyes such as the molecular weight, molecular formula, hydrogen bonds (donors and acceptors), rotatable bonds, exact mass, topological polar surface area (A 2 ), heavy atom count, complexity and covalently bonded unit count were retrieved using PubChem Compound database (Table 2) .
Active site analysis
Ligand binding site prediction of the azoreductase enzyme was carried out using DoGsitescorer (Volkamer et al., 2010) . The software possesses structure-based method to predict active sites in proteins based on a Difference of Gaussian (DoG) which originates from image processing. In contrast to existing methods, DoGSite splits predicted pockets into sub-pockets, revealing a refined description of the topology of active sites. DoGSite correctly predicts binding pockets for over 92% of the PDBBind and the scPDB data set, being in line with the bestperforming methods available.
Docking studies
Docking study of the azoreductase enzyme and the commercially important dyes were carried out using Swiss Dock server (Grosdidier et al., 2011) , and energy minimization was performed before and after docking by the same in an automated manner.The interpretation of docking results and their integration into existing research pipelines is greatly facilitated by the seamless visualization of docking predictions in the UCSF Chimera molecular viewer which could be launched directly from the web browser.
RESULTS
Structure retrieval
The enzyme, FMN-dependent NADH-azoreductase of P. putida has a crystallized structure characterized by three ligands FMN 1201, 12P 1202 and 12P 1203. The structure was obtained from PDB with the PDB ID-4C0W.
Homology modeling and validation
In the present work, the azoreductase enzyme was initially explored for the best homology modeling which basically determines the overall 3D structure of the aminoacids present in the enzyme molecule. The homology modeling using the CPH server depicted the best model of the enzyme molecule which requisite number of strands, helices and loops ( Figure 1a ). This structure was further validated by the corresponding Ramachandran Plot (Figure 1b ) which depictedfewer numbers of amino acids in the disallowed region with maximum number of amino acids molecules in the favorable region. Most favorable regions showing 85.6% having 166 residues, additional allowed region showing 13.9% having 27 residues and generously allowed region showing 0.5% having only 1 residue. There was no residue found in the disallowed region. The Ramachandran Plot analysis further showed 226 as total number of residues, the number of Glycine (Gly) and Proline (Pro) are 16 and 14, respectively, and the number of end residues (excluding Gly and Pro) were 2.
Computation of docking score between the ligands and the enzyme
Protein and other chemical molecule interaction outputs compute putative data which could be an advantage to understand the mechanism. The cumbersome syntax of the docking engine is hidden behind a clean web interface providing reasonable alternative sets of parameters as well as sample input files. All calculations are performed on the server side, so that docking runs do not require any computational power from the user. Docking study showed the binding affinity, number of hydrogen bonds and the binding residues. It has been noted that the binding affinities have negative values as shown in Table 1 which reveals the high feasibility of this reaction. The docked complexes were analyzed with the molecular visualization tools, Chimera 1.10.1 (Volkamer et al., 2010) as shown in Figure 2 . The docking analysis showed that seven dyes viz. Amaranth, paminoazobenzene, methyl orange, Azepan-1-yl[(3S)-[2(chlorophenyl)methyl]piperidin-3-yl]methanone and amidoschwarz formed H-bonds with the enzyme residues Glu-174, Phe-172, Gly-141 and Ala-114. The variation in the docking score indirectly gives the idea about the rate of decolorization.This Comparing the results from DoGsite scorer and docking studies, it indicates that the amino acid residues ALA, ASP, LEU, LYS, PHE and VAL play an important role as catalytic site residues in the azoreductase enzyme of P. putida. This docking study also provides information on the binding affinity of the ligands with azoreductase enzyme. The rate of color removal for congo red is higher than any other azo dye and it could be assumed probably that this information would provide a better understanding of the molecular mechanisms involved in catalysis and a heuristic basis for predicting the catalytic residues in enzymes of unknown function. The natural ligands (FMN, 12P) were also found to interact with some of the ligands. In this work, the catalytic residues are reported as well as the binding affinities for some commercially important azodyes. The study made in this project would facilitate researchers a better understanding of enzyme mechanisms and also used to improve the designing strategies of less harmful azodyes
Functional site location
The catalytic or functionally important residues of a protein are known to exist in evolutionary constrained regions. However, the patterns of residue conservation alone are sometimes not very informative, depending on the homologous sequences available for a given query protein. Hence, the prediction of functional sites in newly solved protein structures is a challenge for computational structural biology. Most methods for functional site identification utilize measures of amino acid sequence conservation in homologous sequences, based on the assumption that functional sites are relatively conserved during evolution. Protein structural information has also been used to help identify protein functional sites. Active sites of the target protein were predicted using DoGsite scorer and the output file was viewed under Chimera. Seven active sites were obtained from the study along with the corresponding amino acid residues present in each active site. Each of the sites were analyzed and compared with the amino acids interacting with the ligands in the docking study. The docking result shows that the amino acids such as ALA, ASP, LEU, LYS, PHE and VAL are very much repeated in the interaction with more than one ligand. This reveals that these amino acids are catalytic residues. The active site variations suggest that the enzyme can decolorize a wide range of azo dyes (Figure 3 and Table 3 ).
Molecular docking interactions showing hydrogen bonding
The hydrogen bonding in the crystal structures were used as a measure of residue flexibility. Analysis shows that the amino acids interacting with the ligands are involved in hydrogen interaction; it can be as a donor or as an acceptor. This shows that catalytic residues have a limited conformational freedom. The docking result shows that the ligands have hydrogen bonding with amino acids and it is illustrated in the docking analysis table. 
DISCUSSION
Due to enormous modernization, the most problematic environment pollution is the wastewater where the effluents are being released from production of dyes and the dyeing industries. These residual dyes in industrial effluents are a threat to public health because of its high toxicity and carcinogenicity (Bisschops and Spanjers, 2003; Weisburger, 2002) . Unfortunately, azo dyes present in the wastewater are normally unaffected by conventional treatment processes. Their persistence is mainly due to the sulfo and azo groups, which do not occur naturally, making the azo dyes xenobiotic and recalcitrant to oxidative biodegradation (Kulla el al., 1983) .Although lot of research has been carried out for their removal from industrial effluents, very little attention is given to changes in their toxicity and mutagenicity during the treatment processes (Bafana et al., 2008) . Generally, in bacterial systems the degradation of azodyes is often initiated by an enzymatic step involving a cleavage of azo linkages with the aid of an azoreductase and an electron donor (Asgher et al., 2007) . These azoreductases catalyze the reduction of the azo bond (-N=N-) in both azo pro drugs (e.g. balsalazide) and azo dyes (e.g. methyl red). They have been shown to reduce azo compounds via a ping pong mechanism (Wang et al., 2009) .In recent years, we have seen a number of spectacular discoveries on surprisingly similar structures of proteins whose evolutionary kinship cannot be recognized based on primary sequence analysis alone (Gibrat et al., 1996) . Hence, secondary structures allow a simple and intuitive description of 3D structures, which are widely employed in a number of structural studies. Therefore in context to the present the azoreductase enzyme has been subjected for emulating a suitable protein structure for the evaluation of the docking parameters which would be further analyzed with the 10 commercially available dyes as shown in Table 1 . The 3D structure that we have predicted using CPH model server 3.2 shows Ramachandran Plot in the favorable regions and it indicates that the structure is applicable to various applications like predicting the active sites and the amino acids involved. Thus, the modeled enzyme structure would provide an insight to the different type of azodyes which are degraded by the azoreductase enzymes and the conformational changes that take place in the enzyme structure which has been furtheranalyzed by biodegradable systems models and docking studies (Nakanishi et al., 2001) . Furthermore, before the adjunct of the docking reactions these modeled structure has been explored for identifying the location of the ligand binding sites and this will help us in comparing the different functional sites of the azoreductase and the aspect of broad substrate specificity. The active sites which are predicted in this study revealed that the azoreductase could bind to any of the sites as shown in Figure 3 , but the flexibility of effective binding sites has to be further studied using molecular modeled simulation. Although, the docking interaction predicted the number of stable hydrogen bonds which itself indirectly indicates the binding of these dyes to the active sites of the enzyme molecule. Therefore, it could be predicted that the functional/active site of this enzyme from P. putida could probably be explored in further for developing and engineering effective bioremediation tools for detoxification of dyes contaminated areas.
